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Introduction
Complex waveguide structures such as microstructural fibers [1, 2] , photonic nanowires [3, 4] and slot waveguides [5] are used in scientific research more often because of their unique properties. These properties mentioned in Ref. 6 are especially important in nonlinear optics, where high beam power is needed. For such applications, espe− cially microstructural fibers consisting of solid pure silica core surrounded by an air hole lattice in the cladding are useful. Experimental research requires good and fast nume− rical tools to predict a light propagation and to design opti− mal structure parameters. Most of theoretical papers suc− cessfully demonstrate numerical simulations for weakly guiding case. But high step of the refractive index between cores and cladding introduces some problems connected with discontinuity of the electric field on the bounds.
In this paper, there are compared scalar numerical approximate methods for structures with three refractive index differences between cores and cladding: weakly gui− ded case with the refractive indices of the core n 1 = 1.453 and cladding n 2 = 1.445, high step of the refractive index case: n 1 = 1.5 and n 2 = 1.0, and a very large step case: n 1 = 2.2 and n 2 = 1.0. The simple configuration of single (Sect. 2) or two cylindrical cores fiber (Sect. 3) at the wavelength l = 0.793 μm is considered. Such structures are very simple for research and useful to develop tools, which can be later applied to more complex structures with similar contrast of the refractive index. In Sect. 4, the most efficient method is also compared with the exact solution for the chromatic dis− persion case in fused silica and silicon core.
Analysed methods
Analysis is restricted to the monochromatic waves in the scalar form, where propagation is described by the Helm− holtz equation ¶ ¶ ¶ ¶ ¶ ¶ 
where E is the electrical field component and n is the refrac− tive index. This equation is exact in the homogeneous me− dium but it is used also in media with the slowly varying re− fractive index, i.e., when the term Ñ Ñ ( ) E n n 2 2 can be ne− glected which means that the changes of the refractive index within distances of the order of the wavelength are insignifi− cant [7] . The correctness of this can be checked by compar− ing guided modes in optical fibers with step−index cylindri− cal cores. For such fibers, exact analytical solutions exist and they are obtained by introducing the boundary condi− tion of fields at the core/cladding edge. These boundary conditions lead finally to the dispersion relation (Hondros− −Debye equation, H−D) where the solution gives the possible values of the beam parameters [8] .
On the other hand, similar modes could be calculated directly from Eq. (1) with the refractive index distribution n(x,y). Considering that the field is a superposition of guided modes with the transversal field profile A(x,y) and the propagation constant b In this equation, a known operator acts on the unknown A. Thus, it is the eigenproblem in which the eigenfunction A and the eigenvalues b 2 should be found
The operator $ J is the m 2 ×m 2 matrix, where m is the value of grid points. But this matrix has only 5 m 2 nonzero elements and one has to apply only a respective algorithm to solve such eigenproblem [9] . The possible values of the propagation constant obtained from this mode solver (MS) have been compared with the values obtained from H-D equation. This is presented in Table 1 where there are given the effective indices N = bc/w for fibers with different steps of the refractive index and two diameters of the core R. For the MS, a quadratic grid with 80×80 points (m = 80) has been used with the distance Dx = Dy = 0.1 µm for R = 2 µm and Dx = Dy = 0.02 µm for R = 0.4 µm.
As a result of the fiber with the core R = 2 μm, the calcu− lated refractive indices' values differ from the exact solu− tions at the order of magnitude 10 -4 and, which is surpris− ing, they are better for higher index steps. This can be caused by the fact, that for a very high step, the field is con− fined in the core and the influence of the field in the clad− ding is much smaller for the propagation parameters. Con− sequently, the error connected with the discontinuity of the refractive index distribution in Eq. (1) is smaller. However, for a very high index step and a small core diameter (R = 0.4 μm), the relative error is much larger, of the order of 10 -1 . It is caused by the fact that in this case the mode penetrates cladding much more (effective index is smaller) and the error connected with neglecting the refractive index discon− tinuity is more significant. Table 1 . Effective indices for cylindrical core fibers calculated by different methods. Light beam propagating in waveguides can be described as a superposition of waveguide modes. However, numeri− cally it is simpler to calculate changes of the beam profile directly from Eq. (1) with paraxial approximation, i.e., for the field
where b 0 is the constant and A is the amplitude slowly va− rying in
Consequently, from Helmholtz Eq. (1) 
This can be solved numerically by the beam propagation method (BPM) [10] [11] [12] [13] , which calculates the distribution of the field at the plane z m+1 = z m + Dz from the known field at the plane z m . In simulations, the finite difference algorithm has been used [11] . The BPM can also be used to calculate effec− tive indices of the guided modes because ( ) w b N c -0 is the spatial frequency of the real (or imaginary) part of the field A. Effective indices calculated from this three−dimensional algo− rithm (3D BPM) with the grid 40×40 points (Dx = Dy = 0.2 μm for R = 2 μm and Dx = Dy = 0.04 μm for R = 0.4 μm) are compared in Table 1 . They are the most agreed on the H−D solutions for the weakly guided case, i.e., where the paraxial approximation is the best fulfilled. Note, that because this method is developed from the Helmholtz equation, in the case for R = 0.4 μm the value of effective index is much closer to the value obtained by the MS than by rigorous H−D. The accu− racy of the BPM can be enlarged if the denser grid is used, but still it cannot be better than the MS method.
Computational time in the BPM is significantly reduced when the two dimensional problem (2D) is used instead of 3D. It is a well known method to reduce a 3D problem to the 2D -effective index method (EIM) [14] [15] [16] . That method can be applied to fibers with an arbitrary shape [14] and can also be used for analysis of modes in fibers with high birefringence [15] . That method has been created in Carte− sian coordinates (as in Ref. 14) but sometimes, when fiber has a circular cross section, the cylindrical polar coordinates are more natural [16] . In principle, it must substitute a 3D structure for the 2D one with the most respective profile of the refractive index. That profile one obtains by dividing 3D structure into small stripes and by calculating the effective index N eff for each such planar waveguide with the film thickness h corresponding to the local value of the core thickness (Fig. 1.) . The dispersion equation of the planar waveguide can be used for calculation of the effective index N eff [8] . And then one creates a new 2D structure with the profile of the refractive index which is a profile of N eff .
For one dimensional distribution of refractive index, both the MS and the 2D BPM can be applied. The obtained effec−
Results comparison for two-core fibers
The analyzed two−core waveguide structure (Fig. 2) is a structure of the directional coupler, where the light beam introduced to the one core is tunnelling to the second core. The important parameter from the application point of view is the beat length L B , which defines the distance at which the light returns back to the initial core. In other words, this length is a distance, which beam needs to switch its power from one to the other core and then to go back to the first core. For the 3D−BPM and the EIM one can obtain beat length directly from the graph, by measuring a difference between two planes for which there are neighbour maxima. In case of the mode solver, the beat length is calculated from
where b 1 and b 2 are the propagation constants of the two basic modes, symmetric and antisymmetric one. Hence, one has to substitute for them two the highest eigenvalues obtained from the mode solver. The properties of the directional coupler can also be described by using the semi−analytical coupled mode theory (CMT). The CMT can be used both in a less complicated scalar form [17] [18] [19] and in more complex vector form [20] . That method utilizes guided modes of the two−core struc− tures or modes of separated cores, i.e., modes of a single core fiber. The first of them requires determination of modes by using numerical methods, which means that its accuracy is the same as the method used for calculations of the modes. In this case, the method is equivalent to the results obtained by the MS method. The second one bases on exact solution of the Maxwell equations (modes for cylindrical core have a form of Bessel functions with para− meters obtained from the H−D equation), however, is appro− ximated because the superposition of guided modes of the separated fiber is not the exact solution for the directional coupler. For two identical cores of single−mode fiber that method assumes that the electric field has a form (9) where
b is the mode of the sin− gle−core fiber. The amplitudes A 1 and A 2 in both cores are the functions of a propagation distance. One has to calculate also coupling constant, which is in the form
where de = -n n 
L B is compared for three different values of indices in the cores and cladding and for different distances between cores in the case with R = 2 μm. Calculations were done for cores diameter R = 2 μm and the refractive indices the same as in the previous section for single−core optical fibers. It was used the same grid, i.e., Dx = Dy = 0.1 μm (computational window 160×80 points) for the MS, the EIM and for the 3D BPM in the case of cores separation d = 0.1 μm (for the high step index) and the grid Dx = Dy = 0.2 μm for the 3D BPM in other cases. The calculated beat lengths are presented in Tables 2, 3 , and 4 and also plotted in Fig. 3 .
Similarly like in the single−core cases, the EIM and the 3D BPM give similar results. However, in the high step index case, the results obtained by the EIM are closer to the MS results than the 3D BPM. The EIM gives also very simi− lar results as the MS in the very high step of indices.
The semi−analytical CMT based on individual cores modes in all cases diverges from the numerical methods and thus it can be applied only for qualitative simulations. Table 3 . The same as Table 2 for n 1 = 1.5 and n 2 = 1.0. 
Comparison of methods for chromatic dispersion
As shown in the previous section of this paper, the EIM is a very useful tool and for high step of the refractive index could be better than 3D BPM algorithm. In designing of optical fibers, chromatic dispersion is a very important parameter. The effective index and the dispersion as a func− tion of wavelength have been checked. High step and very high step cases are compared. In the high step case, refrac− tive index (fused silica core) of the core n 1 changes from 1.44 to 1.47 and n 2 = 1 [ Fig. 4(a) ]. In the very high step case (silicon core) n 1 changes from 3.432 to 3.497 and n 2 = 1 [ Fig 
Conclusions
In this paper, among the commonly used mode solver and the BPM it has been proposed to apply for high step of refractive index the EIM which has been checked for a weakly guided case. It should be noted, that in photonic crystal fiber the method called EIM is also used [21, 22] . However, it replaces the analyzed photonic crystal fiber by a conventional optical fiber with a cladding with an effective refractive index. In the method applied in this article the optical fiber is replaced by a planar waveguide with the refractive index distribution com− posed of effective indices [14] . The comparison of numerical approximated scalar methods shows that the two dimensional EIM gives com− parable results as the 3D BPM and the MS. This was veri− fied by calculating the effective index in single−core fibers as well by calculating the beat length in two−core fibers. The accuracy of the EIM is good not only in the weakly guided fibers as it was shown in many previous papers, but also for cases with high and very high steps of the refrac− tive indices. In the latter cases, this method seems to be even more accurate than the 3D BPM. The reason is that in one dimension the dispersion equation is applied (exact solution) and then BPM (approximate method) just for the second dimension is used. In the 3D−BPM approximate algorithm for both dimensions is utilized. In the EIM method, first part of calculations satisfies the boundary conditions, which is especially important for high and very high step of the refractive index.
The results obtained from the EIM are also in very good agreement with the exact solution (the Hondros−Debye equation) in the chromatic dispersion case for core diame− ters larger than the wavelength. In such case, the field is confined in the core and the effective refractive index of the fundamental mode is very close to the refractive index of the core. As a consequence, the chromatic dispersion of mate− rial in the core is more significant than the waveguide dis− persion and the EIM gives similar results to the exact H−D solution. For subwavelength core, the field penetrates the cladding area and the waveguide dispersion becomes more important. Therefore in this case the EIM solution differs much more from the exact solution.
Comparing numerical methods it should be pointed that the computational time for the EIM is significantly lower than in other 3D methods. Concluding the effective index method can be used as a useful tool for fast and relative pre− cise computation of waveguide structures also with high steps of the refractive index. 
